Binary expression systems, such as the Gal4/UAS system commonly used in Drosophila (DUFFY 2002) , typically exploit the unique DNA-binding properties of a heterologous transcription factor to drive effector transgene expression. In addition to Gal4/UAS, several other binary systems, including those based on the bacterial DNA-binding protein LexA (LAI and LEE 2006; PFEIFFER et al. 2010; YAGI et al. 2010 ) and the fungal transcription factor, Q (POTTER et al. 2010) , have been developed recently for use in Drosophila. When used in combination, these different systems allow independent expression of several transgenes in a single animal.
A limitation of all binary systems, is that the spatial and temporal patterns of transgene expression are dictated by a single promoter, which may not have the desired specificity.
To generate more restricted expression patterns, combinatorial systems have been developed that make transgene expression dependent upon the activity of two promoters.
Several techniques couple Gal4-mediated expression to an excision event mediated by an independently targeted recombinase, such as the yeast flipase or bacteriophage cre enzyme (BOHM et al. 2010) . Because excision is irreversible, transgene expression in these systems reflects the cumulative pattern of activation of the recombinase over the developmental history of the organism. Such combinatorial systems are particularly useful for lineage tracing, but may also lack the desired specificity. In contrast, the "Split Gal4" system, which independently targets the Gal4 DNA-binding domain (Gal4DBD) and a cognate transcription activation domain (AD) using two different promoters, drives transgene expression in a temporally restricted fashion: only cells in which both promoters are active at the same time express the two heterodimerizing transcription factor domains to reconstitute transcriptional activity and drive transgene expression. The combined spatial and temporal specificity of the Split Gal4 system offers potential advantages in dissecting complex neural circuits such as those involved in wing expansion and phototaxis (GAO et al. 2008; LUAN et al. 2006) .
A disadvantage of the Split Gal4 system, however, is that it cannot be used with existing Gal4 lines. To refine the expression of an existing Gal4 driver line, one needs to generate a corresponding Gal4DBD or AD hemidriver, either by making new transgenic lines or by P-element swap (SEPP and AULD 1999) . Making new lines is time-consuming and, depending on how a given line is made, the resulting hemidriver may not always reproduce the original expression pattern. Here we report a new split expression system, which can operate in parallel to the existing Gal4/UAS system and is based on the bacterial LexA protein, which has DNA-binding but not transactivation activity. An advantage of this "Split LexA" system, is that it can also function in series with the Gal4/UAS system, to refine the expression patterns of existing Gal4 lines. A UASLexADBD construct, can be used in conjunction with a Gal4 driver and diversely targeted cognate VP16AD domains, to dissect the expression pattern of the Gal4 line. We call this implementation of the Split LexA system "concatenation."
To develop the Split LexA system, we first made heterodimerizing LexADBD and VP16AD constructs by fusing each of these domains to one of the two complementary leucine zippers (zip) from the Split Gal4 system (supplementary Figure S1 ). We then tested the efficacy of the resulting "zipLexADBD" and "VP16ADzip" constructs in Drosophila S2 cells. When co-expressed, the two complementary domains drove strong expression of a LexA op -GFP reporter (supplementary Figure S2) . Expression required the presence of both domains (supplementary Figure S2 , panel A vs G and H) and, as with the original Split Gal4 system (supplementary Figure S2F) , the Gal4 activation domain could replace the VP16AD (supplementary Figures S2B) . In addition, we found that reporter expression could be effectively driven by concatenating Gal4 with a UASLexADBD construct (supplementary Figures S2C,D) .
To test the efficacy of the Split LexA system in vivo, we generated transgenic flies that expressed zipLexA in second-order visual neurons using the ort promoter (ortLexADBD). The ort promoter has been well characterized and is known to be active in a subset of lamina and medulla neurons, most of which receive direct synaptic inputs from photoreceptors, as shown with a conventional ort-LexA::VP16 binary driver in Figure   1B -B"' (GAO et al. 2008) . Combining the ort-LexADBD hemidriver with a panneuronally expressed activation domain (i.e. elav-VP16AD) produced an equivalent pattern of expression of a LexA op -rCD2mRFP reporter (Figure1D-D"'). While the overall expression level of ort-LexADBD  elav-VP16AD is somewhat lower than that of ortLexA::VP16, the RFP reporter labeling has a high degree of specificity across the entire lamina and medulla. For example, three well-characterized Ort-positive lamina neurons, L1-L3, are RFP-labeled across the entire lamina field, as well as in the medulla as judged by the presence of their axon terminals in medulla layers (L1: M1 and M5; L2: M2; L3:M3). Interestingly, the uniformity of labeling by the ort-LexADBD  elav-VP16AD driver differs from the heterogeneous labeling seen with ort-Gal4. It is not clear whether this is due to the nature of these factors, the strength of transactivation domains, or both.
The presence of Ort-positive transmedulla neurons, such as Tm2, Tm9, Tm5, and Tm20, was also evident based on the homogenous labeling of axonal terminals in the lobula ( Figure 1D "'). However, the identity of the labeled cells could not be uniquely ascertained based on the pattern of labeling in the lobula because these transmedulla neurons project their axons to overlapping lobula layers (Tm9: Lo1; Tm2:Lo2; Tm5a/b/c and Tm20: Lo5).
To more rigorously test the specificity of the ort-LexADBD hemidriver, we compared its performance to the previously characterized ort-Gal4DBD, which, when combined with the ET77B-VP16AD enhancer trap line clearly labels only one type of transmedulla neurons, Tm2 ( Figure 1E -E"). Similar to ort-Gal4DBD, the ort-LexADBD hemidriver labels, in conjunction with ET77B-VP16AD, labeled the unique Tm2 dendritic arbors in the medulla layers M2-4 and the Tm2 axon terminals in the lobula layer Lo2 ( Figure 1E -E" and data not shown). Interestingly, labeling of Tm2 neurons using ort-LexADBD also duplicated the labeling seen with the ort-Gal4DBD in its variability. In contrast to the homogeneity of labeling seen in the L1-L3 neurons, the Tm2 neurons were inconsistently labeled across the medulla. Whether this inconsistency reflects true stochastic activity of the ort promoter or is an artifact of the expression systems is not clear.
To test for potential cross-reactivity between the Gal4 and Split LexA systems, we coexpressed, in flies bearing the ort-LexADBD, ET77B-VP16AD, and LexA op -rCD2mRFP transgenes, a PanR8-Gal4 driver and a UAS-mCD8GFP reporter, which should label the R8 photoreceptors. The complete absence of double-labeling demonstrates that the Split LexA and Gal4 systems function independently without any detectable cross-reactivity ( Figure 1E -E"). In summary, based on our results of corresponding ort promoter constructs, the Split LexA and Split Gal4 systems seemed to have similar specificity and efficacy. Because it also functions orthogonally to the Gal4/UAS system it should also be possible to use the Split LexA system to refine the expression patterns of known Gal4 drivers.
To test this possibility, we used a UAS-LexADBD transgene to couple the Split LexA and Gal4 systems. In this configuration, Gal4 drives the expression of LexADBD, which, in combination with a VP16AD hemi-driver, will drive LexA op -transgene expression.
Transgene expression, however, is now limited to cells that express both Gal4 and VP16AD ( Figure 2C ). As a proof-of-concept, we first showed that the concatenated system could recapitulate the Ort expression pattern. We used elav-Gal4 to express LexADBD in all neurons and together with the ort-VP16AD hemidriver, to drive expression of LexA op -rCD2GFP in Ort-expressing neurons ( Figure 2A ). As a negative control, we used PanR7-Gal4 to express LexADBD in all R7 photoreceptors. The latter components, in combination with the ort-VP16AD hemidriver produced no detectable reporter expression ( Figure 2B ), again confirming the orthogonality of the Gal4 and Split
LexA systems.
We next tested whether the concatenated system can refine the expression pattern of existing Gal4 lines. We tested two enhancer trap Gal4 lines, 9-9-Gal4 and MzVUM-Gal4, which drive reporter expression in two Ort-positive neurons, L3 and Tm5b, respectively (ERCLIK et al. 2008 and unpublished data) . In addition, both lines drive expression in numerous Ort-negative lamina and medulla neurons (Figure 2 D,E and unpublished data).
In the concatenated configuration (9-9-G4->LexADBD  Ort-VP16AD), the combination of 9-9-Gal4 and ort-VP16AD selectively drove reporter expression in the lamina L3 neurons ( Figures 2D'-D"' ), while the combination of the MzVUM-Gal4 and ort-VP16AD (MzVUM-G4->LexADBD  Ort-VP16AD) drove reporter expression in a single type of medulla neurons, Tm5b ( Figures 2E'-E" ). These results demonstrate that the Split LexA based concatenated expression system can substantially simplify the complex expression patterns of existing Gal4 lines, in some cases refining a heterogeneous pattern to one consisting of a single cell type.
In summary, we have developed an intersectional Split LexA expression system, in which LexA op transgene expression is made contingent upon the activity of two promoters. This system uses the same leucine zippers as the Split Gal4 system, and can thus take advantage of existing libraries of VP16ADzip enhancer trap lines. We have also begun to generate a LexADBD enhancer trap line, which can likewise be used in conjunction with VP16AD lines to generate restricted expression patterns (supplementary Figure S3) . Dual applications that take advantage of the orthogonality of the Gal4 and LexA systems should also be possible. For example, by using distinct Gal4DBD and LexADBD lines in conjunction with the same VP16AD line, one can, in principle, differentially manipulate distinct subsets of cells within the same pattern.
In addition to operating in parallel with the Gal4/UAS system, the Split LexA system can also operate in series with Gal4 drivers as a concatenated expression system. As we demonstrate using the Drosophila visual system as an example, the concatenated system is capable of refining complex Gal4 expression patterns in the optic lobe to homogeneous patterns containing a single cell type. This approach circumvents the need to convert existing Gal4 enhancer lines to the Split Gal4 system (GAO et al. 2008) and complements other methods for restricting the expression patterns of Gal4 drivers (BOHM et al. 2010) .
Over the past decade, thousands of Gal4 lines have been generated and many of their expression patterns have been characterized. By allowing the expression patterns of these lines to be rationally refined in a straightforward way, the concatenated expression system greatly facilitates the use of these resources. (E-E'') The Split LexA system can be used to refine the ort expression pattern. By combining the ort-LexADBD hemidriver with a VP16AD enhancer trap line, ET77B, a single population of Ort-positive neuron, namely the transmedulla neurons, Tm2, can be labeled by the rCD2mRFP reporter (pseudo-colored in cyan). The Tm2 neurons were identified by their axonal termini at the lobula layer Lo2 (arrow, E) and by their unique patterns of dendritic processes in the medulla layers M2 and M4 (arrow and double arrows, respectively, E'). A panR8-Gal4 driver and a UAS-mCD8GFP reporter were also included to label all R8 photoreceptors (green). The Gal4 and Split LexA systems maintain their expression patterns without any detectable cross-reactivity. (For clarity, the red channel was removed in E"). (A) The pan-neuronal driver elav-Gal4 was used to express zipLexADBD, which in combination with the hemidriver ort-VP16AD drives expression of a membrane-tethered GFP reporter (rCD2GFP, green). This concatenated combination recapitulates the ort expression pattern as seen in Figures 1B and 1D . Photoreceptors axons, visualized by the MAB24B10 antibody (red), were used as landmarks.
(B) To test the stringency of the concatenated expression system, the PanR7-Gal4 driver and the ort-VP16AD hemidriver, which have no overlapping expression, were combined with UAS-LexADBD as in (A). No rCD2GFP (green) reporter expression was detected in the concatenated system. As an internal control, a UAS-syt-HA reporter transgene was included to reveal the expression pattern of the PanR7-Gal4 driver in R7 photoreceptors (E'-E") The transmedulla Tm5b neurons (arrows) were labeled by MzVUM-G4->LexADBD  ort-VP16AD. (E") A high magnification view of the medulla neuropil of (E'). (E"') The expression of the concatenated driver MzVUM-G4->LexADBD  ort-VP16AD shown as a Venn diagram.
La: lamina; Me: medulla; Lo: lobula; Lp: lobula plate.
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